Artemis is a widely used software tool for annotating and viewing sequence data. No database is required to use Artemis. Instead, individual sequence data files can be analysed with little or no formatting, making it particularly suited to the study of small genomes and chromosomes, and straightforward for a novice user to get started. Since its release in 1999, Artemis has been used to annotate a diverse collection of prokaryotic and eukaryotic genomes, ranging from Streptomyces coelicolor to, more recently, a large proportion of the Plasmodium falciparum genome. Artemis allows annotated genomes to be easily browsed and makes it simple to add useful biological information to raw sequence data. This paper gives an overview of some of the features of Artemis and includes how it facilitates manual gene prediction and can provide an overview of entire chromosomes or small compact genomes -useful for uncovering unusual features such as pathogenicity islands.
INTRODUCTION
Hundreds of small genomes have been completed or are in progress 1 and more are becoming available all the time. As technological improvements drive down sequencing costs the trend will continue. New projects are now feasible such as sequencing several related species or even strains or isolates from the same species. Artemis is a freely available program designed to help biologists view or annotate DNA sequence. 2 It is written in the Java programming language; hence it is portable across multiple computer platforms. In addition to the visualisation of sequence features, it allows the results of analyses within the context of the sequence and its six-frame translation to be examined. Although the software was originally designed as a tool for preparing and editing files in EMBL format for submission to the public databases, more recent versions contain several features that provide a framework for interrogating data from other flat file annotation formats. At The Wellcome Trust Sanger Institute, Artemis is now the main annotation tool for pathogen genomes and with more than 1,000 hits per week in 2002 to its download site, it must rank among the most highly used annotation tools.
GETTING STARTED WITH ARTEMIS
Separate versions of Artemis are available for Unix/Linux, Microsoft Windows or for Macintosh users. They are all free and can be obtained from the internet. 3 It is distributed under the GNU General Public Licence. 4 The internet site for downloading Artemis also contains detailed documentation for installing and running the software.
Artemis can read several file formats (including EMBL, GenBank, FASTA and GFF), thus files containing sequence data, with accompanying annotation or sequence data alone can be opened. In both cases annotation can be added to the file or further annotation can be 'layered' onto the sequence from separate files. Each layer of annotation is called an entry and in most cases consists simply of a table or 'Tab' file -a file consisting of only the feature table lines (those marked FT) from an EMBL entry. The use of entries is central to using Artemis effectively; it allows different types of annotation representing different lines of evidence to be viewed independently.
Upon opening, the main Artemis edit window comprises a menu bar, an entries bar and panels showing three separate views of the sequence and annotation (Figure 1 ). The entries line contains one button for each entry that has been loaded. These buttons allow the user to set one entry as a default entry, where changes will be saved, and to activate or inactivate entries. Only those features from active entries are visible to the user. Much of the window is used for a summary overview of active features, such as annotated coding sequences, and a close-up view of the DNA sequence. Underneath is a textual summary, which by clicking on the right-hand mouse button (or the Apple key and the mouse button on Macintosh computers) can be set to show different aspects of the annotation, whether it be the feature type (ie EMBL feature keys such as CDS, tRNA, misc_feature, etc), gene name, product name or a description from another annotated field. Both the overview and DNA views show the DNA and its translation in all six reading frames and operate very similarly, allowing the user to zoom in and out or to scroll along a sequence. Freedom to change magnification levels allows details of individual genes to be examined. At maximum zoom very detailed annotation is possible, for instance in the fission yeast Schizosaccharomyces pombe individual donor and acceptor sequences for pre-mRNA splicing, which have been annotated across the entire genome, 5 can be viewed ( Figure 1, middle 
Annotation features
Artemis facilitates the intuitive manual addition of annotation to sequence data; a region of interest is highlighted and a new feature made using a 'Create' option on the menu bar. Within an editor window, annotation text can be added or altered and the type of feature can be described by assigning to it any EMBL/GenBank feature key (for instance 'CDS' or 'misc_feature'). The large number of feature keys available allows repeats, promoters, polymorphisms and parts of genes such as untranslated regions to be handled in essentially the same manner by Artemis. Annotation is structured using EMBL/Genbank qualifiers, such as/gene ¼"ADH1" and /note¼"free text", which separate different aspects of the annotation. Annotating a diverse range of genomes requires flexibility and any number of qualifiers can be assigned to an annotated sequence feature, allowing for multiple gene names, database crossreferences as well as annotator's comments. Furthermore, additional non-EMBL qualifiers can be used to increase the depth of annotation. For instance, at the Sanger Institute in-house qualifiers are used to store annotation with Gene Ontology TM terms 6 and cross-references to curated orthologues. Such extra qualifiers may be added by editing the list of available qualifiers in a configurable options file (see below). As one of its file saving options, the program will remove those extra qualifiers that are not used by EMBL/GenBank.
Gene prediction
Predicting genes manually from limited evidence (such as GC content) can be painstaking and is confounded further when gene models containing splicing are considered. As annotating sequence data are rarely black and white, exploring alternative feature boundaries interactively is sometimes essential. Within Artemis, the boundaries of features can be altered by dragging with the mouse pointer (if the 'direct editing' option is enabled in the Options menu of the start up window) in the DNA view. Many of the gene predictions in the Plasmodium falciparum genome 7 had to be refined 8, 9 in this way. When trying to assess possible splice sites dragging between alternatives can quickly reveal potentially 'illegal' splice sites, as the coding sequence moves in and out of reading frame. In Figure 3 , Artemis is used to manually predict the small exon from a RIF gene from P. falciparum. Small exons are hard to predict and are often missing from the output of gene prediction algorithms. In the example shown, a small exon is created, with a putative splice donor site, and merged with the second exon. In the overview the coding sequence is shown out of frame until the splice site is moved To arrive at a satisfactory gene model, several lines of evidence often need to be considered. For instance, the exon structures of genes in P. falciparum were manually edited in Artemis using proteomic data. 10 In Figure 4 , the sequence of a tryptic digest fragment (LQIPSLNIIQVR) is found upstream of a predicted gene and fits a new gene model containing extra exons. Ultimately, three exons were added, to maintain the reading frame, and the intron-exon boundaries between two exons were confirmed by the sequence of the fragment. If many different types of evidence need to be used at once, such as the output from gene finding algorithms or BLAST results, they can be opened as separate entries and their annotation toggled on or off. Figure 4 also shows how the overview can be switched to one line per entry, which allows different layers of annotation to be viewed in parallel. This is particularly useful when comparing several different evidence types such as the output from several gene finding algorithms. During the annotation of the P. falciparum genome, the output from three gene finding algorithms (GeneFinder (P. Green, unpublished), GlimmerM 11 and Phat 9, 12 ) and the results of BLAST searches (with the output from BLAST reformatted using MSPcrunch 13 ) were manually reviewed to arrive at the final gene models ( Figure 5 ). The display can easily be alternated, between showing one line per entry and all six reading frames, using a shortcut menu that is available in the DNA view and feature overview windows. For some actions, such as writing new annotation, an entry needs to be identified. In most cases, Artemis assumes that the action refers to a default entry, which can be changed by the user and is shown highlighted in yellow on the entry bar. When many entries are analysed in the one line per entry view, for clarity, it is possible to highlight in yellow the active entry within the feature overview panel.
Much of the evidence for gene predictions cannot be summarised in single lines. Artemis contains several built-in plots, including GC content, GC frame plots 14 and codon usage plots, which can be turned on in any combination. The graphs are locked to the overview so that they follow it when it is scrolled and their scale changes automatically to match that of features being viewed. Figure 6 shows how codon usage plots are used to aid coding sequence prediction in the protozoan Leishmania major. The codon usage plots contain a colour-coded graph for each reading frame; thus predictions can be made based on finding open reading frames which have codon usage peaks in the correct frame. In the P. falciparum genome project, percentage GC plots were essentially the only tool available for predicting exons that were not found using Genefinder, Phat or GlimmerM. The various graphs in Artemis can also be used to identify sequences that appear unusual relative to the rest of a genome. In this way, evidence of large-scale transposition or laterally acquired sequences can be visualised. For instance, in the Salmonella typhi genome, 15 GC content, GC deviation and Karlin Signature difference 16 plots can all be used to visualise pathogenicity islands, containing virulence-determinants, such as the previously described SPI2 17 ( Figure 7 ).
Customising the display
The amount of screen space used can be changed by adding or removing the DNA view, the Feature Overview, the Feature Built-in plots can be turned on in any combination Figure 5 . Several lines of evidence are compared to aid gene prediction. The overview window shows the output from Genefinder, GlimmerM, Phat and BLAST being used to predict two genes (PfL.09c and PfL.08c). Each line of evidence is in a separate entry and can be toggled on or off by clicking on the entry bar at the top of the editor window List or various graphical analyses (above). For clarity, features in complex annotation can be distinguished by applying colours. Artemis contains a default colour scheme with 18 preset colours. Within a session, changes can be made globally or individually to the '/colour¼' features by entering RGB colour codes or by using one of the 18 preset codes. Alternatively, there is an options file (below) where default values can be changed, particularly useful if the details of a feature are obscured. 18 
Options file
Upon start-up, Artemis looks in up to five places for files containing configuration information. One of these, and perhaps the easiest to make changes to, is a file called options, options.txt or options.text, which on PC or Macintosh computers is found in the directory within which Artemis is installed. On machines using Unix, Artemis will look in the directory from where it was launched. In addition to changing colours, there are many other configurable options available, for instance the list of feature keys or qualifiers can be edited to include ones not used by EMBL or GenBank.
GETTING MORE FROM ARTEMIS Editing sequences
Unfortunately, annotated sequences do change; base ambiguities often get resolved or perhaps mistakes are uncovered. Bases can be deleted or inserted, either directly or by inserting them from a text file. When this is done, care should of course be taken as changes to a coding sequence could invalidate previous descriptions of a gene's function. For large sequences, it is often convenient to split them into more manageable sections. This can also be done using the Edit menu of Artemis. A region of bases is selected and a copy made that opens automatically in a new Artemis Edit window. The subsequence includes any annotated features that are located within the original selection. Features that overlap the ends of a selected range are truncated accordingly.
Analysing and navigating around sequences
As well as using the scroll bars to move along a sequence, the user can use the items in the Goto menu. A navigator window can be opened, which allows the user to jump along a sequence, automatically scrolling all of the views to centre at a particular location based on one the following: a specific base coordinate, the next feature that contains an entered string in its annotation, the next feature that has a specified feature key such as tRNA or CDS, or the next occurrence of a specified base or amino acid pattern.
To perform further analyses, annotation or for writing out sequences into files it is necessary to be able to select sequences based on a range of criteria. Most simply, bases are highlighted with a mouse or all the bases of a sequence may be highlighted using the Select menu. Individual features can also be selected; for instance all CDS features can be selected at once. More elaborate 'querying' is possible using the Feature Selector function, which allows searches based on feature types, size cut-offs or text strings within annotation to be combined. It is also possible to select overlapping features; such as those that represent the intersection of two sets of analyses. In this way, for example, if an entry containing annotated coding sequences and an entry containing single nucleotide polymorphisms (SNPs), are viewed, those SNPs found in coding sequences can be easily selected (Figure 8a ). Accordingly, it is possible to select those CDS in which SNPs have been identified (Figure 8b ). The selected sequences can then be written out to a file for further analyses.
UNIX VERSION
The Unix version of Artemis is slightly different from the versions for PC or Macintosh computers. As well as being able to specify more options on the command line when the program is launched, it also contains an addition: the Run menu. This allows programs such as BLAST or FASTA to be launched from within Artemis. The results of these searches can then be viewed from within Artemis on all platforms.
CONCLUSION
The use of Artemis as a sequence viewer as well as an annotation tool is widespread. Because it is a stand-alone package, anyone can quickly get to grips with using it to get a very detailed view of sequence data and the features that have been annotated on it. Artemis places particular emphasis on being able to directly view the DNA sequence at all times in fine detail, making the manual prediction of genes more effective and helping the user to spot unusual DNA features. Gene models can be edited interactively in the context of supporting evidence, allowing the discovery of many genes or exons that have been missed by gene prediction algorithms. Furthermore, large sections of DNA can be viewed and Figure 8 : Selecting overlapping data sets. Artemis can be used to select the intersection between a CDS data set, which is shown as boxes drawn on the three reverse reading frames and SNP data, which are shown on the forward DNA line above the reading frames. Note that many of the SNPs cannot be resolved as individual features until the view is zoomed in further. In (a) annotation for Trypanosoma brucei is opened first and all coding sequences selected. A second file is then opened and overlapping features selected, ie only those SNPs that are found in coding sequences. In (b) coding sequences that contain SNPs are selected by following a similar procedure but loading the SNP data first analysed at once, allowing unusual features resulting from DNA rearrangements or lateral acquisition events to be identified.
The flexibility of Artemis has allowed it to be applied to a large number of genome projects and the software is continually evolving based on feedback from the annotators and other users. Moreover, its portability -a driving principle behind the program's development -has helped hundreds of users, many laboratory-based, to have the same access to genome projects as their colleagues might have at genome centres.
